Background Supratentorial atypical teratoid rhabdoid tumor (ATRT) in many cases has a distinctive appearance on postgadolinium MRI. Objective We sought to determine whether this is a unique appearance allowing ATRT to be distinguished accurately from other types of pediatric supratentorial tumors. Materials and methods Retrospective review of all available preoperative MRI of pediatric supratentorial tumors at two tertiary children's hospitals, and systematic literature review of case series and reports describing the MRI imaging appearances of supratentorial ATRT. Results We had 61 supratentorial tumors, including 32 gliomas, 6 ATRT, 8 ependymomas, 6 gangliogliomas, 2 pilomyxoid astrocytomas, 3 primitive neuro-ectodermal tumors, 2 choroid plexus papillomas, and 2 meningiomas. ATRT presented in significantly younger patients than astrocytomas (mean age 2.6 years vs. 9.9 years, P<0.05). The visual pattern of a thick, wavy (irregular) heterogeneously enhancing wall around a cystic center was seen in 5/6 (83%) ATRTs and only 3/55 (5.4%) other tumors (P<0.0001), for specificity of 95%, sensitivity of 83%, positive predictive value of 63% and a negative predictive value of 95%. Conclusion A supratentorial tumor with a thick, wavy (irregular) heterogeneously enhancing wall surrounding a central cystic region is suggestive of ATRT in the appropriate clinical setting, especially in a child of preschool age.
Introduction
Atypical teratoid rhabdoid tumor (ATRT) is a highly aggressive tumor that is also a relatively new pathological diagnosis, first identified in 1987 [1, 2] , pathologically resembling malignant rhabdoid tumors of the kidneys [3] . Previously, tumors of this type were often grouped with primitive neuroectodermal tumors (PNET) [4] . Because the immunohistochemical phenotype of ATRT varies widely [2, [5] [6] [7] , diagnosis is based on the absence or inactivating mutation of a tumor-suppressor gene on chromosome 22 (hSNF5/ INI1), or absence of the gene products [8] . Location of ATRT within the brain varies and affects prognosis. Infratentorial ATRT is particularly aggressive; in one series, patients with infratentorial ATRTs were significantly younger at diagnosis (median age 2.4 years supratentorial vs. 0.9 years infratentorial), had more metastases (supratentorial 3/26, infratentorial 9/27) and shorter survival (3-year overall survival 38% supratentorial vs. 5% infratentorial) [9] . Relative incidence is unclear; in case series, infratentorial ATRT has been reported to be more common than supratentorial ATRT [10] , equal in incidence [9, 11] , or less common [12, 13] .
The radiology literature on ATRT consists of isolated case reports and small case series. Most authors report nonspecific imaging features at CT and MRI, such as enhancement and heterogeneous T2 signal [2, [13] [14] [15] [16] [17] [18] [19] . Two studies noted a typical appearance of supratentorial ATRT, involving a thick, wavy (irregular) heterogeneously enhancing wall around internal cystic areas [19, 20] . We could find no study dedicated to the imaging characteristics of supratentorial ATRT, and none testing whether this appearance is, in fact, specific for this tumor type. Accordingly, we searched the English literature for available cases of supratentorial ATRTs with imaging findings, and reviewed our own series of supratentorial tumors at two large pediatric hospitals.
Materials and methods
This is a multicenter study involving two tertiary referral pediatric hospitals, the Royal Children's Hospital (Melbourne, Australia) and Stollery Children's Hospital (Edmonton, Canada). The study was approved by each hospital's Human Research Ethics Committee. Patient consent was not required for this retrospective study with unidentified subjects. We reviewed retrospectively imaging and pathology data of children with supratentorial tumors at these sites. We searched each hospital neurosurgical database for all cases of ATRT between 2000 and 2010. As none was found prior to 2006, we then examined initial pre-resection imaging, pathology reports and demographic data for all children who had surgical biopsy or resection of a tumor located in the cerebral hemispheres, lateral or third ventricle, except the pineal area, from 2006 to 2010.
Literature review
We searched PUBMED/MEDLINE (1948 to November 2011) for keywords including "ATRT," "malignant rhabdoid," "teratoid," and then the MeSH terms originally used to index the papers retrieved by those searches. Further studies were located through manual search of citations in the retrieved papers. Studies reporting one or more cases of pediatric supratentorial ATRTs with description of imaging findings were included. Potentially or definitely relevant studies were assessed in consensus by two pediatric radiologists, who extracted data including demographics, tumor location, preoperative imaging features and presence of metastasis.
MRI protocol
All MRI was performed in routine clinical care using 1.5-T or 3-T scanners at each site. Standard spin-echo T1-and T2-weighted, and post-gadolinium T1-weighted images were available on all patients. Diffusion-weighted imaging, when performed, used echo-planar base sequence with gradient fields of b00, 500 and 1,000 s mm −2 . Proton spectroscopy was infrequently available in these data.
Anatomical imaging analysis
Images were assessed by two pediatric radiologists blinded to pathological diagnosis, after planning with a senior pediatric radiologist. Discordances between the two were resolved by consensus.
Pathological examination
Examination, diagnosis and histological grading of specimens were performed at each hospital by a neuropathologist. 
Results

Case series
In our combined two-site database, we had 61 children with supratentorial tumors. The children were 11 days to 16 years old at the time of MRI, and 34/61 (55%) were boys. The most common diagnosis in our series was astrocytoma. The MRI characteristics of the supratentorial tumors in our series are summarized in Table 1 . The most frequent appearance of supratentorial tumors was a solid mass (25/ 61, 40%), 18 (72%) of which were astrocytomas. The next most frequent appearance (10/61, 16%) was a cystic center associated with a mural nodule. We had seven infiltrative tumors in our series, of which six (86%) were astrocytomas.
Most tumors were T2-hyperintense compared to adjacent gray matter, but T2 hypointensity was seen in our choroid plexus papilloma and several high-grade tumors, including glioblastoma multiforme (2/6), PNET (1/3) and ATRT (1/6). Nearly all tumors enhanced precontrast agent and had peritumoral edema. Hemorrhages were more frequent in the highgrade tumors. Restricted diffusion was seen in 20/38 (53%) children in whom diffusion-weighted imaging was performed (38/61 or 62%). Calcifications were seen on CT scan in several ependymomas, choroid plexus papillomas and astrocytomas.
We had six supratentorial ATRTs (10% of our 61 patients), three in frontal lobes, two based in a lateral ventricle, and one in a parietal lobe. ATRTs presented in significantly younger children than astrocytomas (mean age 2.6 years vs. 9.9 years, P<0.05). ATRT size varied widely (range 16-480 cc). All six ATRTs enhanced with gadolinium, while 5/6 had central necrosis, 3/6 showed hemorrhage and 5/6 had restricted diffusion (visually and with ADC< 800 mm 2 /s). Proton spectroscopy was available on 3/6 children with ATRTs. All voxels were in solid tumor and had abnormal spectra, with reduction in the N-acetyl aspartate peak and elevated lipid and lactate peaks. None of these features distinguished ATRT from other tumor types.
A thick, wavy (irregular) heterogeneously enhancing wall encircling the lesion completely or partially was seen in 5/6 (83%) ATRT tumors and 3/55 (5.4%) non-ATRT tumors. For diagnosis of ATRT from this appearance, the specificity was 95%, sensitivity 83%, positive predictive value 63% and negative predictive value 95%; positive and negative likelihood ratios were 15.1 and 0.18, respectively. ATRT was significantly more likely to have this appearance than other tumors, P<0.05.
Excluding the 9/61 tumors with none of the MRI features commonly associated with high-grade diagnosis (e.g., obvious metastasis, microcystic or multicystic component, necrosis, enhancement other than thin rim, low T2 signal, hemorrhage, calcification, ill-defined border), SN was unaffected at 0.83 and SP dropped marginally from 0.95 to 0.94. These nine tumors were all low-grade, but so were 19 of the 52 that showed at least one potentially high-grade feature at MRI.
Systematic literature review
We found 17 eligible published case series (Table 2 ) and 14 case reports (Table 3 ) describing imaging appearances of pediatric supratentorial ATRT. All 17 case series included both supratentorial and intratentorial ATRTs. No study specifically examined the imaging features of supratentorial ATRTs or the difference between supratentorial and infratentorial ATRTs. The largest case series had n015 supratentorial ATRT [20] . ATRTs presented mainly in younger children, though age at presentation ranged from 4 months [21] to 16 years [22] . There were data on preoperative imaging appearance of individual supratentorial ATRTs in 13/17 case series. The other four authors provided general There are only two case series that report more than ten cases [2, 20] . The frontal lobe is the most common location for supratentorial ATRT. Most supratentorial ATRTs have a cystic component with incidence as high as 80% (12/15) in the largest series [20] . They are likely to have higher attenuation on CT due to the high cellularity and can be associated with calcification. ATRT is an aggressive tumor, but the incidence of metastases is low at the time of imaging in most case series. However, in a small series of three ATRTs, Cheng [23] reported three metastases at the time of diagnosis.
Discussion
Distribution of supratentorial tumor types in our two centers was broadly similar to other series, with ATRTs much less common than astrocytomas [24] [25] [26] . Our finding that children with ATRTs were significantly younger than those with astrocytomas confirms prior reports showing ATRTs generally presented in younger children [9, 27] . The large size of supratentorial ATRTs (up to 480 cc in our series) also confirms prior reports, in which some ATRTs occupied more than 50% of the cerebral hemisphere [19] . Infratentorial ATRTs were smaller than supratentorial in a case series [20] . This may be due to greater supratentorial accommodation, as infratentorial tumor may quickly produce symptoms from hydrocephalus or cranial nerve or brainstem compression [28] . Supratentorial ATRT may be extension of a posterior fossa tumor that has grown upward, especially involving midbrain [29] . Most purely supratentorial ATRTs arise in cerebral hemispheres, especially the frontal lobes (Tables 2 and 3) . Disseminated tumors were found at diagnosis in 21-34% of patients in three series combining supratentorial and infratentorial ATRTs (n041, 56 and 52) [2, 9, 30] , in just 1/15 (7%) of patients in the largest published series of supratentorial ATRTs [20] , and in 0/6 children in our data. This suggests supratentorial ATRT may have lower rate of metastasis than infratentorial ATRT. Metastases are most commonly found in leptomeninges, but the extension of supratentorial ATRTs into the skull [18, 19] and extra-axial tissue [21, 31] , including lung [32] , have been reported, as have multifocal ATRTs [33, 34] .
Most ATRTs demonstrate T1-hypointense signal and variable T2 signal, with inhomogeneous contrast enhancement, frequent necrosis and calcifications (Tables 2 and 3) , probably due to heterogeneous cellular populations [29] . Few supratentorial ATRTs (13-16%) are nonenhancing [10, 20, 29] . Most authors report CT density higher than adjacent brain in the solid parts of ATRT [10, 17, 20, 23, 28, [35] [36] [37] , which may correspond to the highly cellular areas seen on histology [28] . Incidence of hemorrhage in our series was 50%, consistent with other reports (40-60%) [17, 20, 28, 29] . Cystic changes are common and are probably due to tumor necrosis. We noted from the images published in other series and in our own data that supratentorial ATRTs often had more prominent central cystic changes than infratentorial ATRTs, which frequently appeared primarily solid. Given the larger size of supratentorial ATRTs, this suggests the central cysts might form as the ATRTs enlarge.
Diffusion restriction was seen in 5/6 (83%) supratentorial ATRTs in our series, consistent with other series, likely related to high nuclear-to-cytoplasmic ratios and small extracellular spaces [29, 38, 39] . We had three ATRTs with proton MR spectroscopy available, with findings similar to other reports: elevated levels of choline and decreased Nacetylaspartate [29, 31, 40] . The individual findings discussed above are nonspecific and do not distinguish ATRTs from other high-grade tumors but using a combination of findings on CT and MRI can increase sensitivity and specificity. In particular, all but one (5/6) of our supratentorial ATRTs, and few other tumors, had a typical pattern of thick, wavy (irregular) heterogeneously enhancing wall surrounding a central cyst or cysts (Fig. 1) , a difference that was statistically significant, specific (SP095%) and fairly sensitive (SN083%) for ATRT. This gave a high positive likelihood ratio (LR+015.1), substantially increasing the odds of a diagnosis of ATRT if this pattern was present, and also a low negative likelihood ratio (LR−00.18), such that the absence of this pattern substantially decreased the odds of the diagnosis being ATRT. Similarly, Arslanoglu et al. [19] described two out of three supratentorial ATRTs having a thick, wavy (irregular) enhancing margin, and Warmuth-Metz et al. [20] reported six ATRTs (5/6 or 83% supratentorial) having a band-like rim of strong enhancement completely surrounding a central cystic or necrotic area, and another six ATRTs (4/6 or 66% supratentorial) showed an at least partially closed band-like enhancing rim. From our review of the published MR images of hemispheric supratentorial ATRTs, 8/17 case series and 4/10 case reports include cases with this appearance. Barkovich [41] reported that areas described as cysts, but having the appearance of necrosis that forms the typical irregular walls of the tumor are present in nearly all cases at the time of diagnosis of supratentorial ATRT. In our experience, most other supratentorial tumors are either primarily solid, have peripheral rather than a large central cysts, or have a smooth cyst ATRT in an 1.5-year-old girl shows thick lobular enhancing region, with minimal internal cystic change, and associated ventricular dilation. This is a smaller tumor, which likely presented early due to its location obstructing foramina of Monroe; there is little room for the central cystic change to develop. For similar reasons, posterior fossa ATRTs often appear similar to this. f ATRT in a 1.1-year-old girl shows thick lobular enhancing rim encircling the central cystic region only partially, although there is a complete rim of thin enhancement wall. Even if the thick band of enhancement does not extend around the entire central cyst/necrosis in ATRT (Fig. 1) , there is typically a complete rim of enhancement, which can be used to distinguish ATRTs from tumors with mural nodule that may not have as avidly enhancing a cyst wall.
To our knowledge, this study is unique in demonstrating that the appearance of a thick, wavy (irregular) heterogeneously enhancing wall surrounding a central cystic region has high specificity for ATRTs among pediatric supratentorial brain tumors. This appearance is not pathognomonic, since some supratentorial tumors like ependymoma, PNET and choroid plexus carcinoma do present infrequently with similar appearance. However, choroid plexus carcinoma tends to have periventricular extension associated with prominent vasogenic edema [41, 42] , supratentorial PNET is usually quite large at the time of presentation and sharply marginated [43] and supratentorial ependymoma occurs in older children [44, 45] and frequently calcifies [46, 47] . These extra features also need to be considered when formulating a working differential diagnosis.
This retrospective study focusing on a rare pediatric brain tumor has limitations. Despite combining a decade of data from two tertiary pediatric centers, we still had only a small number of supratentorial ATRTs. MRI protocols varied over the decade at the two sites. We unfortunately had no diffusion-weighted imaging (DWI) in nearly half of our patients, and few children had spectroscopic data. DWI and spectroscopy are both included on current protocols at both institutions. Future studies to improve diagnostic utility of MRI for rare pediatric brain tumors such as ATRTs will benefit from a multicenter approach and from routine inclusion of DWI.
Conclusion
Confident diagnosis of pediatric supratentorial tumor type by MRI is rarely possible, even using DWI and proton spectroscopy. Using a combination of findings on CT and MRI can increase sensitivity and specificity. In a two-center series of pediatric supratentorial tumors, we found an MRI appearance (thick, wavy heterogeneously enhancing wall surrounding central cyst) that strongly suggests supratentorial ATRT, especially when seen in a patient of preschool age. Although this appearance alone is not entirely diagnostic (it is also seen occasionally in supratentorial ependymoma, choroid plexus carcinoma and PNET), identifying a high probability that the tumor is an ATRT at MRI can aid in clinical decision-making. Future study could determine whether this appearance corresponds to a specific immunohistochemical or genetic profile.
